Acidosis induces vasodilation both in vivo and in vitro. Although it is commonly surmised that acidosis alters contractility by affecting contractile proteins and calcium entry, the exact role of these mechanisms in acidosis-induced vasodilation has not been determined. In the present study, we demonstrated that a novel mechanism, involving increased calcium sequestration into intracellular sites sensitive to norepinephrine, mediates the vasodilation associated with relatively modest decreases in pH. The effects of changing pH from 7.4 to 7.0 on tension development, 45Ca fluxes, and the norepinephrine-releasable intracellular calcium stores were studied in isolated rat aorta. Acute acidification produced marked endothelium-independent dilations of aortic rings that had been precontracted with norepinephrine. In contrast, this maneuver had only modest effects on contractions elicited by 80 mM KCI or phorbol ester. Acidification in this range did not alter basal or norepinephrine-stimulated unidirectional 45Ca influx, nor did it reduce the norepinephrine-induced net gain in 45Ca content. Furthermore, neither norepinephrine-stimulated 45Ca efflux nor the peak contractile response to norepinephrine in calcium-free buffer was affected, although in this setting, the duration of the phasic contractile response was shortened. When calcium was restored to tissues exposed to norepinephrine in calcium-free buffer, acidification slowed the rate of tension development without altering 45Ca uptake, thus changing the relation between tension development and calcium entry. These effects of acidification were shown to be associated with an increase in the amount of calcium sequestered into the norepinephrine-sensitive intracellular calcium store. These findings clearly indicate that acidification, within a range that has no effect on other aspects of smooth muscle activation, elicits vasodilation by stimulating intracellular calcium sequestration. This action may represent a predominant mechanism whereby acidosis alters vascular smooth muscle contractility. (Circulation Research 1990;67:426-439) Several lines of evidence suggest that a decrease in pH is associated with a decrease in vascular smooth muscle tone. Severe acidosis is often accompanied by a decreased pressor response to catecholamines."2 Furthermore, the external application of CO2 is known to produce local vasodilation,34 presumably by increasing tissue PCO2.' Similarly, in vitro studies indicate that the contractile response of blood vessels is reduced if the pH of the
buffer is decreased.6-8 Although ample evidence indicates that pH induces dramatic alterations in smooth muscle contractility, the mechanisms responsible for such effects have not been defined.
Several actions of pH could theoretically account for the inhibitory actions of H' on smooth muscle contractility. Low pH has been shown to 1) reduce calcium influx,910 2) directly inhibit myofilament contractility,"1",2 and 3) alter receptors on the cell surface.'3 However, these actions are observed only at large changes in pH. Intracellular pH is likely to be tightly regulated, however, and physiological modulation of vascular smooth muscle contractility by changes in intracellular pH over an extended range seems quite unlikely.
Small changes in pH (i.e., from 7.4 to 7.0) have been previously demonstrated to cause substantial inhibition of vascular smooth muscle contractility. 6"14 However, the effects of modest acidification on smooth muscle activating mechanisms have not been thoroughly investigated. In the present study, we examined the effects of lowering extracellular pH from 7.4 to 7.0 on tension development and calcium handling in isolated rat aorta. Our findings indicate that, within this narrow pH range, acidification stimulates calcium sequestration into the intracellular stores that are affected by norepinephrine and other agonists. Through this mechanism, acidification alters the relation between calcium entry and tension development, thereby reducing vascular smooth muscle contractility.
Materials and Methods
Adult Sprague-Dawley rats were anesthetized with 5-sec-butyl-5-ethyl-thiobarbituric acid (Inactin, 100 mg/kg body wt; Byk-Gulden, Konstanz, FRG). The thoracic portion of the aorta was flushed of blood and carefully excised. The aorta was cleaned of fat and connective tissue and cut into rings approximately 3 mm wide. The tissue was placed in warm physiological salt solution (PSS) of the following composition (in mM): NaCl 140, KCl 4.6, CaCl2 1.5, MgCl2 1.0, D-glucose 10.0, and HEPES 5.0. A bicarbonate-C02-free buffer was chosen to avoid the necessity of altering Pco2 or HCO3 in order to change pH. The initial pH of the buffer was adjusted to 7.40. Temperature was maintained at 370 C. The solution was oxygenated by equilibration with 100% 02. Tension Development
Contractile tension was measured isometrically. Aortic rings were mounted on two stainless steel hooks, with the lower hook attached to an aerator and the upper hook connected to a force transducer (model 3C, Grass Instruments, Quincy, Mass.). The rings were immersed in 30 ml PSS and stretched to a resting tension of 1.0 g. To measure contractile responses in calcium-free buffer, tissues were placed in PSS without added calcium and with 2 mM EGTA.
Calcium Uptake and Influx
Cellular 45Ca uptake and unidirectional 45Ca influx were determined by a modification of the procedure of van large volume of (40Ca)PSS for 30 minutes. Aortic rings were then placed on individual carrier wires and transferred consecutively, at 1.0-minute intervals, to 1.0 -ml aliquots of calcium-free PSS containing 2 mM EGTA.
Materials
In the experiments described herein, the pH of the PSS was altered by the addition of HCl; similar responses were observed when acidification was achieved with the addition of H2S04. High-potassium buffers (20-80 mM) were prepared by substitution of KCl for NaCl. In the studies with KCl, 10-5 M phentolamine (Regitine, CIBA-Geigy, Edison, N.J.) and 3 x 10-6 M propranolol (Sigma Chemical Co., St. Louis) were administered to block the effects of KCl-induced release of catecholamines. In the studies with norepinephrine (l-arterinol, Sigma), tissues were pretreated with 3 x 106 M propranolol to avoid the p-adrenergic actions of norepinephrine. The phorbol ester used in these studies was phorbol 12-myristate 13-acetate (TPA, Sigma). To facilitate TPA-induced contractions, the calcium ionophore A23187 (Calbiochem, La Jolla, Calif.) was used. Finally, the cyclooxygenase inhibitor ibuprofen (Upjohn Co., Kalamazoo, Mich.) was used to assess the dependency of pH-induced vasodilation on prostaglandin formation.
In the presentation of data, the standard error of the mean was used as an index of dispersion. Student's t test was used to ascertain whether differences between means were statistically significant. Values of p<0.05 were considered to indicate a significant difference between means.
Results

Effects ofAcidification on Differing Types of Vasoconstriction
Acute acidification produced very selective effects on smooth muscle activation. Figure 1 depicts representative tracings illustrating the effects of acutely lowering pH from 7.4 to 7.0 on the contractile response of aortic rings to norepinephrine (10-5 M) , and the lack of effect of the same maneuver on the contractile responses elicited by 80 mM KCl and phorbol ester (10-`M TPA plus 10`6 M A23187). As depicted, acute acidification resulted in a marked vasodilation of the norepinephrine-treated tissue. In 53 aortic rings precontracted with 10-5 M norepinephrine, acidification to pH 7.0 reduced tension by 30±2% (p<0.001). The vasodilation was usually transient. In the tracing depicted, tension partially recovered after approximately 30 minutes. Returning the pH to 7.4 often resulted in an increase in tension, which was also transient (not shown). In contrast to these observations in tissues precontracted with norepinephrine, acidification was relatively ineffective in reversing the contractile response elicited by 80 mM KCl. Thus, in 15 tissues precontracted by 80 mM KCl, acidification to pH 7.0 resulted in no significant reduction in tension (i.e., 1+2%, p>0.40).
As further illustrated in Figure 1 , acidification had little effect on the contractile response elicited by 100 nM phorbol ester. In the tracing depicted, 100 nM TPA and 0.1 ,uM A23187 were used to contract the aorta. Rasmussen and coworkers17 have suggested that this combination mimics the agonist-induced activation of protein kinase C by the combined elevation of diacylglyceride and cytosolic calcium. We observed that the contractions elicited by the combination of 100 nM phorbol ester and A23187 were inhibited by only 5-+±1% (n=7) after acidification to 7.0. These contractions were, however, completely reversed by the protein kinase C inhibitor H-7 (data not shown). In additional experiments with rings precontracted with either 100 nM or 1.0 ,M phorbol ester alone, acidification to pH 7.0 was also ineffective in reversing vasoconstriction.
In addition to being influenced by the type of vasoconstriction, the vasodilation elicited by acidification was also dependent on the level of smooth muscle activation. Submaximal levels of vasoconstriction were more sensitive to the effects of acute acidification. Thus, whereas tissues treated with 80 mM KCI were completely refractory to the vasodila-~8 Level of Activaton decrease in tension when the endothelium was intact (n=22) and a 77+3% decrease in tension after removal of the endothelium (n = 10, p>0.5).
The inhibition of cyclooxygenase activity by ibuprofen did not reduce the vasodilation produced by lowering extracellular pH. In paired tissues precontracted with 10-M norepinephrine, acidification produced a 29+2% dilation before ibuprofen and a 50±6% dilation after treatment with 5 x 10-6 M ibuprofen (p <0.005, n =7). Thus, ibuprofen appeared to potentiate, rather than inhibit, the vasodilation produced by acidification. Effects ofAcidification on Norepinephrine-Induced
Calcium Fluxes
Although the H+-induced reduction in tension exhibited a selectivity for norepinephrine-induced activation, reducing pH had no effect on norepinephrine-stimulated 45Ca influx or the gain in 45Ca content associated with norepinephrine-induced vasoconstriction. Acutely reducing pH from 7.4 to 7.0 did not affect basal (24+1 versus 23+1 ,umol/min/kg, p>0.5) or norepinephrine-stimulated unidirectional 45Ca influx (41+3 versus 40±3 ,umol/min/kg,p>0.5) when the pH was changed 1 minute before exposure to 45Ca. Similarly, when tissues were acidified to pH 7.0 after 10 minutes of exposure to norepinephrine (i.e., during the plateau phase of the contractile response), 45Ca influx was not affected. Thus, as depicted in Figure 5 , the norepinephrine-induced stimulation of 45Ca influx was sustained at 10 in the 45Ca content of norepinephrine-treated tissues.
As illustrated in Figure 6 , norepinephrine treatment caused calcium content to increase from 252±4 to 318±6 ,umol/kg (p<O.OO1, n=23). The calcium content of tissues that were then exposed to pH 7.0 for 10 minutes (321±7 umol/kg) did not differ from that of tissues that were kept at pH 7.4 (315±6 ,umol/kg, p>O.5, n=23).
Reducing pH also did not affect the ability of norepinephrine to release intracellular calcium, as assessed by measuring norepinephrine-induced 45Ca efflux. The results of these studies are depicted in Figure 7 . Tissues were labeled in 45Ca-PSS for 3 hours, and the efflux of 45Ca was followed in calciumfree buffer (2 mM EGTA). As can be seen, reducing pH from 7.4 to 7.0 did not alter basal ( Figure 7 Figure 8 (top panel). Tissues were placed in calciumfree buffer, and 10`5 M norepinephrine was administered. As illustrated in Figure 8 (top panel), norepinephrine elicited a transient contraction in this setting. This response is mediated by the release and depletion of norepinephrine-sensitive intracellular calcium stores. Acidification produced subtle changes in the characteristics of this contractile response, which are summarized in Figure 8 (middle panel). The contractile responses were evaluated in terms of 1) the peak or maximal level of tension attained, 2) the cumulative tension generated (i.e., area under the contractile tracing), and 3) the dura- Acutely lowering pH from 7.4 to 7.0 did not alter the peak tension generated (middle and bottom panels, left,p>0.10) but did reduce cumulative tension (i.e., area, middle panel, right, p<0.001) and shortened the duration of the contraction (i.e., T1/2, bottom panel, right, p<0.025).
Effects ofAcidification on the Relation Between Calcium Entry and Tension
The results presented above suggest that acidification alters the tension without altering calcium influx, calcium release, or calcium extrusion. To further examine the effects of acidification on the relation between calcium entry and contraction during stimulation by norepinephrine, the following protocol was adopted. Tissues were placed in calcium-free PSS containing 2 mM EGTA for 5 minutes, and then norepinephrine (10-5 M) was administered to deplete the releasable intracellular calcium stores. After an additional 5-minute period, tension had returned to basal levels. At this time, calcium (1.5 mM) was reintroduced in the continued presence of norepinephrine. One minute before the addition of 1.5 mM Ca-PSS, extracellular pH was changed to 7.0, and the effects on tension development and 45Ca uptake were ascertained. The results of these studies are summarized in Figure 9 . Tension development, expressed as the percent of the maximal tension developed in a previous (i.e., reference) contraction to norepinephrine, was markedly slowed by acidification (lower panel). Acidification did not reduce the maximal response attained in these tissues (lower panel, far right), a finding consistent with the transient nature of pH-induced vasodilation observed in other settings (i.e., Figure 1 ). In contrast to its marked effects on the rate of tension development, acidification had little effect on 45Ca uptake. Basal (i.e., control) and norepinephrine-stimulated 45Ca uptake are represented by the lower and upper pairs of curves, respectively, of Figure 9 , upper panel. As depicted, the amount of norepinephrine-stimulated calcium uptake (represented by the difference between the two sets of curves) was remarkably similar at pH 7.4 (solid line) and pH 7.0 (dashed line). Thus, acidification reduced the rate of norepinephrine-induced tension development without appreciably altering the effects of norepinephrine on 45Ca uptake. These findings indicate that acidification alters the relation between calcium entry and tension development during norepinephrine-induced vasoconstriction.
Effects ofAcidification on Norepinephrine-Sensitive Intracellular Calcium Pools
It has been previously demonstrated that norepinephrine not only releases calcium from an intracellularly bound site but also reduces the capability of this site to sequester calcium that enters the cell. [18] [19] [20] [21] [22] Calcium sequestration into this site has been shown to . Effects of acidification on the relation between calcium uptake and calcium-entry-dependent tension development during norepinephrine-induced vasoconstriction. Tissues were placed in calcium-free (2 mM EGTA) buffer, and the norepinephrine-releasable stores were depleted with 10`5 norepinephrine. The tissues were then returned to 1.5 mM calcium buffer containing 10`5 norepinephrine, and 45Ca uptake (upper panel) and the rate of tension development (lower panel) were measured. Dashed lines represent data from tissues exposed to pH 7.01 minute before and during the addition of calcium. In the top panel, the lower two curves represent 45Ca uptake without norepinephrine, and the upper two curves represent 45Ca in the presence of norepinephrine. Acidification markedly slowed the rate oftension development (n=10) but produced minimal effects on 45Ca uptake (n=7-16). Mean ±SEM.
modify the relation of calcium entry and tension development when calcium is reintroduced to calcium-depleted tissue by slowing the rate of tension development associated with calcium entry. [19] [20] [21] [22] Thus, in addition to calcium entry, the ability of norepinephrine to inhibit calcium uptake into this site is thought to contribute to the sustained or tonic phase of the norepinephrine-induced vasoconstriction.
To examine the effects of acidification on calcium uptake into the norepinephrine-releasable intracellular stores, the protocol depicted in Figure 10 was used. First, the contractile response to norepinephrine induced after 10 minutes in calcium-free PSS containing 2 mM EGTA was assessed. The magnitude of this contraction was used as an indication of the amount of calcium in the releasable store under basal conditions. Tissues were then returned to normal (i.e., 1.5 Figure 10 , right panel). These findings indicate that acidification during the sustained phase of norepinephrine-induced vasoconstriction increases calcium uptake into the norepinephrine-releasable store.
Since these results suggested that acidification increases intracellular calcium sequestration, experiments were conducted to determine if acidification modified the rate of 80 mM KCl-induced vasoconstriction when the releasable intracellular calcium stores were previously depleted (i.e., by norepinephrine). In rabbit aorta, calcium sequestration into the norepinephrine-sensitive intracellular calcium store slows the rate of tension development in response to KCl.19-22 If acidification stimulates calcium sequestration into this site, it should also slow the rate of KCl-induced tension development, providing that these stores had been initially emptied. Furthermore, it was anticipated that the pH-induced slowing of KCI-induced tension development should be accompanied by an increase in the size of the norepinephrine-releasable calcium store. Tissues were then retumed to 1.5 Ca-PSS and treated with 10`M NE. The tissues were then retumed to EGTA-PSS, and the amount of calcium sequestered in the releasable stores was assessed by the size of the phasic contractile response to NE. The vasodilation induced by acute acidification was associated with an increase in the amount of calcium sequestered in the NE-releasable intracellular stores. Acidification doubled the size of the contractions that were elicited by the calcium sequestered into the NE-releasable stores (p<O0.005) (right panel). The results are mean ±SEM, n=11.
To test this hypothesis directly, the protocol depicted in Figure 11 , top panel, was adopted. The norepinephrine-releasable store was first depleted by treating tissues with 10`5 M norepinephrine in EGTA-PSS to maximize the influence of calcium uptake into this site on tension development. 21, 22 Norepinephrine was then washed from the tissues, and the aortic rings were placed in 80 mM KCl buffer (1.5 mM calcium). After the rate of 80 mM KCIinduced tension development was assessed, the rings were returned to EGTA-PSS, and the size of the norepinephrine-induced phasic contraction was ascertained. Each ring was subjected to three such series: in the first, the pH was 7.4 (7.41); in the second, the pH was changed to 7.0 at 1 minute before the application of KCl and remained at 7.0 until the KCl was removed; in the last series, the response at pH 7.4 was reassessed (7.42) .
As depicted in Figure 11 (middle and bottom panels), acidification slowed the rate of KCl-induced tension and augmented the size of the subsequent norepinephrine-induced contractions in EGTA. Representative tracings depicting the effects of acidification on the rate of KCl-induced tension development are illustrated in Figure 11 (middle panel, left) . Acidification slowed the rate of KCl-induced tension development when calcium was reintroduced to calcium-depleted tissues. In paired experiments, the halftime for tension development (T1/2) increased from 169±6 seconds at pH 7.4 to 232±7 seconds at pH 7.0 (p<0.001, n=13; Figure 11 , bottom panel). The rate of tension development returned to basal values in the recovery series (i.e., 169±4 seconds, p>0.5; Figure 11 , bottom panel). In contrast, the maximal level of KCl-induced tension development was not affected by pH (1.80+0.04 and 1.85+±0.05 g for 7.41 and 7.0, respectively, p>0.4), a finding consistent with the previous observation that acidifica- tion does not affect the tonic phase of KCl-induced contractions ( Figure 1) . As depicted by the representative tracings on the right of Figure 11 , middle panel, prior acidification also increased the size of the subsequent norepinephrine-induced contractions in calcium-free buffer, indicating that the amount of calcium in the releasable store was increased. When analyzed in terms of peak tension, acidification increased the phasic response to norepinephrine by 23+±4% (i.e., from 0.86± 0.06 to 1.03±0.06 g,p<0.001, n=13). When analyzed in terms of area under the contractile response (i.e., cumulative tension), acidification increased the response by 29+5% (p<0.001, n=13). Thus, acidification slowed the rate of KCl-induced tension development and increased the size of the norepinephrinereleasable intracellular calcium store.
Discussion
Although the vasodilative actions of acidosis have been well documented,1-8 the mechanisms mediating this phenomenon have not been clearly defined. While it is commonly surmised that acidosis alters contractility by affecting contractile proteins and calcium entry, the exact role of these mechanisms in acidosis-induced vasodilation has not been established. In the present study, we demonstrate that acute acidification alters contractility through more complex mechanisms than previously anticipated. Our observations clearly indicate that relatively small changes in pH modify contractility by altering intracellular calcium sequestration. We propose that modest acute acidification induces vasodilation predominantly through this mechanism.
Before discussing the possible mechanisms whereby pH might alter smooth muscle contraction, we must initially consider how changing extracellular pH (pHO) might alter intracellular events. As discussed below, pHO might conceivably alter excitationcontraction coupling directly, by affecting extracellular sites. We propose, however, that the actions of acute extracellular acidification are due to a change in intracellular pH (pHi). The transient nature of the vasodilation (Figure 1) It is suggested that pH modulates contractility by directly affecting contractile or regulatory proteins. Several of the proteins involved in contraction are sensitive to pH. Myosin ATPase activity and the calcium sensitivity of skinned muscle fibers are markedly altered by pH.11 '12,26,27 This phenomenon is often cited as the most probable mechanism mediating acidosis-induced vasodilation. It should be emphasized, however, that most biochemical studies delineating the actions of H' on contractile proteins have focused on the changes that occur over very broad ranges in pH. Mrwa et a127 found that acidification (i.e., from 7.0 to 6.5) affected submaximal, but not maximal, tension development. Such an effect could conceivably explain the influence of activating level on the pH-induced vasodilation (Figure 2 N,N,N',N' , -tetraacetic acid) to examine the effects of pH on skinned fibers of taeniae coli. These authors found that isometric force development was not affected by reducing pH from 7.8 to 6.9. A further reduction of pH from 6.9 to 6.2 caused only a 15% inhibition of tension development. Arheden et al thus concluded that pH exerted relatively modest effects on contractile proteins over this pH range. If reducing p1I from 7.4 to 7.0 is associated with a change in pHi from 7.0 to 6.8, as seems likely, it is evident that the resultant vasodilation cannot be explained solely by an effect of pH on the contractile proteins.
The pH-induced vasodilations that we observed exhibited a unique selectivity. Norepinephrineinduced contractions were much more sensitive than KCl-induced contractions. Furthermore, the tonic component of norepinephrine-induced contraction was more sensitive than the phasic component. This selectivity also militates against a proposed action on contractile proteins, which would be anticipated to exert a nonselective inhibition of contractility. However, KCl-induced contractions were also affected at low levels of activation ( Figure 2 ) and after depletion of intracellular calcium (Figure 11 ). Rinaldi et a132 previously reported that KCl-induced contractions of canine coronary artery are inhibited by acidification. Although we cannot ascertain with certainty the reasons for this apparent discrepancy, our findings suggest that differing sensitivities of KCl-induced responses may relate to differing degrees of activation. Nevertheless, we observed in the present study that during maximal activation, acidification preferentially affected norepinephrine-induced contractions. Furthermore, at any level of submaximal activation, acidification elicited a preferential dilation of norepinephrine-induced contractions.
The observed dependency of pH-induced vasodilation on the vasoconstrictor stimulus does not, however, exclude a possible effect on regulatory proteins. Protein kinase C represents an additional regulatory pathway for norepinephrine-but not KCl-induced contractions. Morgan and Morgan33 demonstrated in aequorin-loaded vascular smooth muscle that norepinephrine-induced contractions occur at lower intracellular calcium levels than KCl-induced contractions. An enhanced calcium sensitivity of a-toxin permeabilized arteries activated by norepinephrine has also been demonstrated. 34 The ability of norepinephrine to constrict smooth muscle at lower intracellular calcium is thought to be mediated by the activation of protein kinase C.17,35 Purified protein kinase C has a pH optimum of 7.5-8.036 and could theoretically be inhibited by reduced pH, whereas myosin light chain kinase is relatively insensitive to pH changes between 6.5 and 9.0.37 In the present study, however, aortic contractions induced by phorbol ester were relatively refractory to the vasodilative effects of acidification to pH 7.0 (Figure 1 ), suggesting that an inhibitory action on protein kinase C does not contribute substantially to the vasodilative actions of H' over this pH range.
We also considered the possibility that the differing ionic environments during norepinephrineand KCl-induced contractions might offer a potential explanation for the preferential vasodilative actions of acidification. For example, if the actions of H' were mediated by an increase in K' conductance and hyperpolarization, this mechanism would be inoperative in the presence of elevated extracellular K'. A decrease in pH has been demonstrated to increase K' conductance and hyperpolarize vascular smooth muscle.38,39 In rat cerebral arteries, however, reducing extracellular pH from 7.4 to 7.0 does not appreciably alter membrane potential. 38 Furthermore, the studies depicted in Figure 3 illustrate that acidification dilates norepinephrine-induced contractions in the absence of a K' gradient and under conditions in which alterations in membrane potential cannot play a major role. Thus, the selective inhibition by H' of norepinephrine-induced contractions is not due to a mechanism dependent on membrane potential or K' conductance.
Extracellular acidification can directly alter adrenoceptors, changing the relative affinities of different ligands.13 Acidosis shifts the norepinephrine dose-response relation of isolated rabbit aorta to the right but also reduces the maximal response, suggesting a postreceptor antagonism, rather than an alteration of agonist binding.40 In the present study, we did not directly assess the effects of acidification on receptor binding. However, the observation that acidification did not alter norepinephrine-induced 45Ca fluxes constitutes indirect evidence militating against a reduction in receptor occupation, because this would decrease receptor-mediated 45Ca influx and efflux.
In summary, the aforementioned arguments establish that the preferential effects of acidification on norepinephrine-induced contractions were not due to effects on protein kinase C, potassium conductance, or adrenoceptors. This implies that acidification acts specifically on a postreceptor process that plays a distinctive role in norepinephrine-but not KCl-induced vasoconstriction. There are at least three attributes whereby the activating mechanisms elicited by norepinephrine and KCI differ qualitatively. First, norepinephrine activates a calcium entry pathway that differs from that activated by KCl.41 Second, norepinephrine mobilizes intracellular calcium, whereas KCI does not.42'43 Third, KCI enhances calcium sequestration into the norepinephrine-sensitive intracellular calcium store, whereas norepinephrine inhibits calcium uptake into this site, thereby augmenting the contractile response associated with a stimulation of calcium entry.19-22 We will consider each of these possibilities.
Calcium Entry
Low pH has been demonstrated to reduce 45Ca influx, presumably by protonating anionic sites on calcium translocating proteins and channels.9,10 The H+-induced vasodilation we observed in the present study, however, was not associated with alterations in either basal or norepinephrine-stimulated 45Ca influx or net 45Ca content. Similarly, Rinaldi et a132 found that KCl-induced 45Ca influx was not altered over a pH range of 7.1-7.7. It should be noted that previous studies, demonstrating the inhibitory actions of acidification on calcium entry, found minimal effects over this pH range.9 In contrast, modest elevations in pH have been reported to elicit a contractile response of coronary vessels that is sensitive to calcium antagonists,44"45 suggesting that pH may modulate potential-dependent calcium channels. Nevertheless, we were able to demonstrate the vasodilatory actions of H' under conditions in which potential-dependent calcium channels were blocked by diltiazem (Figure 3) , indicating that an alteration in the function of potential-dependent calcium channels does not mediate this response.
Release of Intracellular Calcium Stores
The selective vasodilation elicited by acidification was not due to an inhibition of norepinephrine-induced intracellular calcium mobilization. In the present study, we have demonstrated that an acute reduction in pH did not alter norepinephrine-stimulated 45Ca efflux (Figure 7) , nor did it alter the maximal level of tension generated by norepinephrine in calcium-free buffer (Figure 8) . Collectively, these observations indicate that under these conditions, acidification elicited vasodilation without altering norepinephrine-induced release of intracellular calcium. Agonist-induced calcium mobilization is thought to be mediated by inositol trisphosphate. To our knowledge, the effects of pH on phosphatidylinositol metabolism have not been investigated. Regardless, the lack of effect of modest acidification on norepinephrine-induced '5Ca efflux and peak tension in EGTA, as indicators of intracellular calcium mobilization, constitutes indirect evidence that the effects of H' are not mediated by a reduction in inositol trisphosphate generation.
We also observed that acidification produced no effect on basal 45Ca efflux. In contrast, Rinaldi et a132 reported that low pH stimulates and high pH reduces 45Ca efflux from isolated canine coronary artery and suggested that H+ modulates calcium extrusion. We can only speculate on the reasons for these discrepant findings. H' may alter extracellular 45Ca binding by protonating extracellular anionic sites. An alteration in anionic charge density would indirectly alter 45Ca efflux from intact tissue by altering extracellular binding. To minimize 45Ca binding at extracellular sites, our experiments were conducted in EGTA. It must be cautioned that 45Ca efflux measurements in whole tissues may be relatively insensitive to alterations in the rate of active calcium extrusion, because the prolonged wash period necessary to eliminate extracellularly bound tracer may reduce cytosolic free 45Ca to very low levels. In this setting, 45Ca loss from internally bound stores becomes rate limiting. Although our 45Ca efflux data do not rule out an effect on calcium extrusion, the selectivity of the vasodilation produced by H+ and the lack of effect of pH on net 45Ca content ( Figure 6 ) both militate against such a possibility.
Calcium Sequestration
In the present study, several lines of evidence indicate that acute acidification stimulates calcium sequestration into the intracellular sites, which are sensitive to release by norepinephrine. This evidence includes 1) the nature of the contractile responses that are sensitive to acidification, 2) the observed effects of acidification on the rate of tension development and norepinephrine-releasable calcium during KCl-induced activation, and 3) the finding that even in the presence of norepinephrine, acidification increased the amount of calcium sequestered in the norepinephrine-releasable calcium stores.
First, acidification was more effective in reversing norepinephrine-than KCl-induced contractions. This suggests that pH alters a specific aspect of smooth muscle activation that is more prominent during norepinephrine-induced vasoconstriction. Nevertheless, acidification did not alter norepinephrine- Figure 9 ). Furthermore, whereas acidification did not alter the release of intracellularly bound calcium by norepinephrine, it did alter the contractile response to calcium release by shortening the duration of contraction ( Figure 8 ). Each of these actions could be explained by an augmentation of intracellular calcium sequestration. Second, it has previously been demonstrated that a depletion of the norepinephrine-releasable store slows the rate of KCl-induced tension development. [19] [20] [21] [22] This appears to be due to the function of this pool as an intracellular calcium buffering system. In the present study, we demonstrated that acidification also slowed the rate of KCl-induced tension development when calcium is administered to calcium-depleted tissues (Figure 11) . Furthermore, the slowing of the rate of contraction was associated with an increase in the amount of calcium sequestered into the norepinephrine-releasable stores. These observations also suggest that modest acute acidification alters the contractile response associated with calcium entry by augmenting calcium uptake into the norepinephrine-releasable intracellular calcium pool.
Finally, acidification relaxed the tonic component of norepinephrine-induced vasoconstriction and simultaneously increased the amount of calcium contained in the norepinephrine-releasable pool ( Figure  10 ). Thus, acidification directly augmented calcium uptake into this pool even in the presence of norepinephrine. This observation suggests that acidification causes a redistribution of calcium within the smooth FIGURE 12 . Model depicting the actions of norepinephtine and KCl on calcium movements in vascular smooth muscle cell and the mechanism that we propose mediates the vasodilatory actions of acute acidification. KCl stimulates calcium entry and concomitantly increases intracellular calcium sequestration (left). In contrast, norepinephrine releases intracellularly sequestered calcium (CasR), stimulates calcium entry, and reduces intracellular calcium sequestration (right). Reducing extracellular pH (pH,) causes intracellular acidification and thereby directly stimulates calcium sequestration by the sarcoplasmic reticulum (SR). Since this action directly opposes the effects of norepinephrine on calcium sequestration, acidification selectively attenuates norepinephrine-induced vasoconstriction. muscle cell and explains the finding that the vasodilation occurred in the absence of an effect on net calcium content ( Figure 6 ). In concert, the present observations suggest that acute acidification stimulates intracellular calcium sequestration and, thus, directly opposes the actions of norepinephrine on the distribution of intracellular calcium. We suggest that this involves an increase in calcium uptake by the sarcoplasmic reticulum (SR).
In Figure 12 , we have composed a theoretical model summarizing the proposed mechanism whereby acute acidification induces vasodilation and preferentially affects norepinephrine-induced activation of rat aorta. We propose that reducing p11 from 7.4 to 7.0 decreases pHi by 0.1 to 0.2 units. The intracellular acidification, in turn, stimulates calcium uptake into the intracellular calcium stores that are sensitive to norepinephrine (i.e., a superficial portion of the SR). The augmented calcium uptake by the SR reduces the portion of the calcium entering the cell that is available to activate the contractile system. Because norepinephrine inhibits calcium uptake at this same site,18-22 this action of acidification functionally antagonizes the mechanism of norepinephrine-induced vasoconstriction.
This proposed model accounts for several aspects of pH-induced vasodilation. First, calcium sequestration would be more effective in preventing elevations in cytosolic calcium at low rates of calcium entry. Thus, one would anticipate that the effectiveness of pH-induced vasodilation would depend on the level of activation (Figure 2) . Second, studies with isolated SR indicate that calcium uptake into SR is inhibited by elevated intravesicular calcium,47 suggesting that high SR calcium levels suppress calcium sequestration by the SR. The ability of acidification to inhibit norepinephrine-induced contractions preferentially over KCl-induced contractions at any level of activation ( Figure 2 ) may relate to this property of the SR. Thus, during norepinephrine-induced contraction, the calcium content of the SR is reduced due to 1) a norepinephrine-induced depletion of this store and 2) an inhibition by norepinephrine of calcium uptake by the SR. 19, 20 6.5 increases Vmax for calcium uptake in isolated skeletal SR by over 60% but lowers the apparent calcium affinity. The net effects of these two actions on calcium uptake depends on the calcium level. At resting intracellular calcium levels, acidification may actually reduce SR calcium uptake because of its actions on calcium affinity, an effect that could explain the small contractile responses seen after acidification of some vascular preparations.53 Nevertheless, at elevated Ca2' levels, the effect on Vm,, predominates, and acidification increases SR calcium uptake.52
A role of pHi in modulating SR calcium sequestration has been suggested by previous investigators.51 '54 Grover and Samson5' observed a striking effect of pH on calcium uptake by SR isolated from arterial smooth muscle. Calcium uptake by microsomal preparations enriched in SR isolated from pig coronary artery increased by a factor of 2 over a pH range of 7.2-6.8.51 These authors suggest that intracellular calcium sequestration by SR in smooth muscle would be greatly influenced by changes in intracellular pH. The results of the present study support this concept and suggest that pH-induced alterations in calcium sequestration into norepinephrine-sensitive intracellular sites constitutes a major mechanism of the vasodilation induced by acute acidification.
It is tempting to speculate that alterations in intracellular pH may play a physiological role in modulating intracellular calcium uptake, thereby regulating cytosolic calcium concentration and contractility. Angiotensin II and norepinephrine have been demonstrated to stimulate Na+-H+ exchange and elevate intracellular pH in vitro. 55, 56 Endothelin has also been demonstrated to cause intracellular alkalinization. 57 The results of the present study suggest that intracellular alkalinization could elevate cytosolic calcium indirectly, by inhibiting calcium sequestration. However, the ability of vasoconstrictors to alter pHi under in vivo conditions has not been clarified, and the physiological significance of agonist-induced alteration of Na-H exchange is not established.53,58 Nevertheless, the results of the present study indicate that modulation of pHi represents a novel and important mechanism of regulating intracellular calcium sequestration. Further investigations are required to ascertain whether such a mechanism plays a role in the hormonal regulation of vascular smooth muscle function or mediates the actions of other vasodilator or vasoconstrictor substances.
In summary, our findings indicate that acute acidification within the range of 7.4-7.0 inhibits contractility by augmenting intracellular calcium sequestration. Theoretical considerations suggest that this manipulation would change intracellular pH by 0.1 to 0.2 units, which in turn could directly alter calcium uptake by the SR. Clearly, acidification is capable of producing multiple effects on smooth muscle activating mechanisms. Nevertheless, we observed that calcium sequestration was altered at levels of acidification that produced no discernible effects on calcium entry or calcium mobilization and that would be antic-ipated to have minimal effects on calcium activation of regulator proteins. We therefore propose that this action represents a predominant mechanism whereby acidosis depresses vascular smooth muscle contractility.
